ABSTRACT. Nondestructive preoperative breast imaging techniques are widely used for breast cancer testing and diagnosis. This study aimed to evaluate the feasibility and efficacy of quantitative diagnosis via the thermal analysis of abnormal metabolism. Nine hundred forty-eight women who underwent breast biopsy from 2009 to 2013 were investigated. Thermal analysis was used to calculate the internal heat source (i.e., tumor) thermal power for each participant. The applicability and effectiveness of our approach were estimated using the chi-square test, kappa statistics (k), and odds ratios (OR). Breast density and tumor size were considered during this estimation. A thermal power q = 0.2 w was determined as the optimal separation threshold between breast cancer and benign disease. Moreover, good agreement (k = 0.837) with the gold-standard assessment (breast biopsy) was confirmed in 93.2% of the patients (N = 884/948), and the sensitivity and specificity were 94.2 and 92.9%, respectively. The results also found no significant differences in methodological accuracy between the fatty and dense breasts (OR = 1.194, P = 0.524). Furthermore, after dividing the cohort into three groups according to tumor size (T1: <2 cm; T2: 2 to 5 cm; T3: >5 cm), the tumor size had no effect on the proposed method (ORs = 1, P = 0.724). Internal heat source analysis can feasibly
INTRODUCTION
Breast cancer is a dreadful and prevalent disease that affects women; this disease has become the second-most important public health problem after skin cancer, affecting 1 in 4 women in the United States (Bezić et al., 2013; Siegel et al., 2013) . Surgeons prefer to use advanced imaging modalities when conducting preoperative assessments; however, biopsy remains a gold standard.
To date, various breast imaging technologies have been developed to allow adjuvant diagnoses prior to surgical biopsy. However, the most popular methods, including X-ray mammography, ultrasonic imaging, and breast magnetic resonance imaging, essentially provide morphological and structural information (Gautherie, 1980; Anderson et al., 2005; Aupperlee et al., 2005; AbdullGaffar et al., 2012) . However, many types of aggressive tumors containing fewer than 500,000 cells (<2 mm in diameter) are likely to pass undetected through most of these scans (Gescheit et al., 2010; Absalan et al., 2012) . To exacerbate this problem, a tumor of this size can effectively undergo 19 cell doublings to generate a predicted lethal load of 10 10 to 10 12 cells, which will lead to continued and uncontrollable growth if left untreated (Alroy and Yarden, 2000; Aksel and Mikhailov, 2005; Jemal et al., 2005; Allan et al., 2006) . In addition, the use of mammography for clinical diagnosis is restricted under some conditions such as micro-calcifications and extremely dense breasts (Razzaghi et al., 2012; Kim et al., 2013) .
The thermal method, by contrast, provides functional information that cannot be easily measured using other methods. This method detects changes in heat generation consequent to abnormal metabolism, which occur 3 to 5 years prior to morphological and structural changes. Skin temperatures are detected using infrared scanners, which offer the advantage of providing thermo-physiological information and indicate early-stage disease in real time (Brown et al., 2006; Chandrasekar et al., 2010; Chavez et al., 2010) . These subtle physiological changes might be caused by conditions commonly associated with regional vasodilatation, hyper-perfusion, and hyper-metabolism (Gautherie, 1980; Anbar, 1998; Jones and Plassman, 2002) . In addition, during the past few decades, thermal analysis has been investigated as a potential costeffective, noninvasive, and nondestructive diagnostic solution for detecting malignant tumors.
Therefore, a quantitative investigation of thermal pattern information is essential to early breast cancer detection. The first evaluation of thermal conditions in breast cancer was conducted by Lawson and Gaston in 1964 . These researchers found that all mammary carcinomas and corresponding venous drainage had elevated temperatures when compared with the corresponding arterial blood supplies (Lawson and Gaston, 1964) . In the decades since that investigation, many researchers have devoted their attention to this field. However, most previous studies evaluated qualitative infrared imaging detection methods, although it is difficult to distinguish clearly between benign and malignant tumors using thermal images alone (Liu and Lin, 2010; Ye and Shi, 2013) . Today, a somewhat better understanding of thermal pattern changes has been established (Lawson and Alt, 1965; Draper and Jones, 1969; Feasey et al., 1970; Gautherie, 1980; Jones and Plassman, 2002; Chunfang et al., 2005; Gescheit et al., 2010; Zastrow et al., 2010; Absalan et al., 2012; He et al., 2012; Qian et al., 2012; SalmanOgli and Rostami, 2012) . Because tumor tissue is generally assumed to exhibit increased vascularity and a higher metabolic rate relative to normal tissue, the former is considered to be an internal heat source. Heat conducted from the tumor produces an increase in the prominent surface thermal pattern as generated by the larger vessels (Carter et al., 2000; Choudhury and Kiessling, 2004) . The heat produced by the internal source conducts through tissues to reach the body surface, where it produces a hot spot on the dermal surface. Accordingly, the temperature distribution correlates with the source power and depth (Farese and Aebi, 2008; Erb et al., 2010) . Consequently, a quantitative assessment of the internal heat source is essential to a clinical breast cancer diagnosis.
In this study, amidst concerns about the early detection and effective treatment of breast cancer, the clinical application of a quantitative diagnosis via thermal analysis was investigated. An internal heat source analysis-based method to determine the optimal threshold for distinguishing breast cancer from benign disease has been proposed in this paper. Using internal heat source analysis, the 2-dimensional (2D) thermal image detected by an infrared camera could be converted to calculate the thermal power of the tumor, which correlates with the malignant or benign nature. The efficiency of this approach was statistically evaluated with respect to breast density and tumor size in a sample of patients from 2009 to 2013.
MATERIAL AND METHODS

Patient sample
This prospective study was approved by the Chinese Food and Drug Administration (YZB 0552-2012) , and informed consent was obtained from each participant. The study was conducted in compliance with the current local laws of China. Patients (women) who underwent breast biopsy at the People's Hospital of Hubei Province during the period from 2009 to 2013 were investigated to determine whether they met the eligibility criteria for the sample population. Participants were excluded if 1) the diagnosis was not pathologically confirmed via breast biopsy; 2) they had undergone a breast lumpectomy before thermal analysis; 3) their breasts harbored randomly scattered high-temperature surface spots; or 4) the required demographic characteristic data were missing or incomplete. Subsequently, 948 patient specimens were retrospectively evaluated in this study.
Methods
In this study, a bio-heat model was developed by solving an inverse problem. Given the conduction of heat between the skin temperature and the embedded heat source, a tumor with a higher temperature acts as a heat source within the tissue and causes a hot spot on the dermal surface. An inverse source coefficient problem was established and described according to the well-known Penne's bio-heat transfer equation (Pennes, 1948) . Here, the model used for analysis can be described as follows:
where T represents the tissue temperature, t is time, and ρ, c, and k indicate the density, specific heat, and thermal conductivity of the tissue, respectively. The heat source term contains 2 parts: the metabolic (i.e., Q m ) and perfusion rates (i.e., Q b ).
Because the heat medium in this study was breast tissue, this problem can be simplified based on the following assumptions: i) the tissue is assumed to be homogeneous as well as isotropic with constant properties (i.e., ρ, c, and k are constant); and ii) the 2 parts of the heat source term are merged into an equivalent point heat source [i.e., q•δ(r) , where q represents the thermal power]. Subsequently, a semi-analytic method-based steady-state solution to Equation 1 was developed as follows:
where k, q, and d represent the thermal conductivity of the breast tissue and the power and depth of the heat source, respectively; r is the radius of the region of interest on the breast surface; and T and T 0 represent the surface temperature and the undisturbed skin temperature distant from the source, respectively.
According to the above-mentioned model, the thermal power (q value) of the internal heat source could be fitted with the Levenberg-Marquardt algorithm, based on the breast surface temperature pattern data (Figure 1 ).
Procedures
Quantitative breast cancer diagnoses were made by analyzing the internal heat sources embedded in the tissues. Through this analysis, the thermal power (q value) of the inner source was determined to describe the characteristics of the internal heat source. Contrast trials were previously conducted on large numbers of patients with malignant and benign tumors with the intent to characterize the internal heat sources in both benign and malignant tissue. The applicability and effectiveness of the approach proposed in this paper were estimated via statistical treatments.
All calculations in the analysis were performed based on the surface temperature data, which was obtained via the Thermal Tomography Imaging System (resolution, 320 x 240; noiseequivalent temperature difference, ≤50 mK at 25°C; Patent of China No. ZL200710052685.4 and ZL200720085783.3). Thermometry was conducted in a special room that was designed to maintain a stable environmental temperature (25°C) and relative humidity (40 to 50%).
Statistical analysis
The patients' characteristics were analyzed and summarized. The optimal q value threshold for distinguishing breast cancer and benign disease was evaluated using diagnostic evaluation metrics such as accuracy, false-positivity, sensitivity, and specificity. The feasibility and efficacy of the approach proposed in this paper were estimated. The agreement between breast biopsy and the proposed approach was estimated via kappa statistics (k) according to the following definitions of k value strength: <0.4, poor agreement; 0.4 to 0.75, fair agreement; and ≥0.75, excellent agreement. The impacts of the breast density and tumor size on the results were estimated using odds ratios (OR) and 95% confidence intervals (CI). There were no significant differences between the outcomes of all groups when the OR was near 1 or the 95%CI included 1. Statistical analyses were performed with SPSS, version 20.0 (SPSS, Inc.,
RESULTS
According to the eligibility criteria, 948 women underwent valid analyses during the period from 2009 to 2013. The subjects' demographic characteristics, including the data source, year of diagnosis, age, body mass index, brassiere cup size, family history of breast cancer, menopausal status, and tumor size, are summarized in Table 1 .
Most women were between 40 and 69 years of age, had no family history of breast cancer, and had tumors ≤5 cm in size. Overall, among the 948 women, 260 (27.4%) had breast cancer and 688 (72.6%) had benign breast diseases. The results of internal heat source analysis were described as q values (i.e., thermal power). According to the above q-value distribution, 3 tests with q-values of 0.1, 0.2 and 0.3 were performed to identify the best power value fit for distinguishing breast cancer ( Figure  2b , Table 2 ). The associated error rates of these tests are shown in Table 2 . The q-value range for benign cases was described as the benign interval, and that for malignant cases was the cancer interval. Note that test 1 exhibited good performance in terms of sensitivity (99.6%) but was not extraordinary with regard to specificity (65.1%) and accuracy (74.6%). In particular, the false-positive rate (34.9%) was extremely poor. Test 3 improved with regard to the false-positive rate (2.5%) but decreased in terms of sensitivity (76.2%). Test 2 exhibited good performance for most metrics (sensitivity, 94.2%; specificity, 92.9%; accuracy, 93.2%) as well as an acceptable false-positive rate (7.1%). Compared with tests 1 and 3, the approach of test 2 yielded a better overall consideration. Hence, the optimal threshold of q = 0.2 w could reasonably distinguish breast cancer from benign disease.
The agreements between the internal heat source analysis and breast biopsy results are cross-tabulated in Table 3 . Each patient underwent breast biopsy, and the final outcome was described as "cancer" or "benign". A consistency check involving k was performed. There was substantial agreement between the internal heat source analysis and breast biopsy results (k = 0.837, 95%CI = 0.781-0.873). Overall, 93.2% (884/948) of the assessments exhibited exact agreement. Additionally, the k result was statistically significant (P < 0.001), indicating that the approach in this study showed a good agreement with the gold-standard assessment (k > 0.75). An OR estimate was performed to investigate the influences of breast density and tumor size on the methodological efficiency of the method. In this study, breast density was characterized as either fatty or dense according to the mammography results; most of the patients' characteristics, including age and menopausal status, are displayed in Table 1 . Among the 948 women who underwent analysis, 65.1% (617/948) had fatty breasts and 34.9% (331/948) had dense breasts (Table 4) . Breast density was determined irrelevant to the internal heat source analytical accuracy (OR = 1.194, 95%CI = 0.691-2.062, P = 0.524; Table 4 ). q-values of 0.1, 0.2, and 0.3 were set as the threshold values separating breast cancer from benign disease in tests 1, 2, and 3, respectively. The patients were also divided into 3 groups according to tumor size as follows: T1, <2 cm; T2, 2 to 5 cm; and T3, >5 cm (Table 4) . Overall, 87.2% (N = 827/948) of the women had tumors <5 cm in size. The proportions of correct judgments in groups T1, T2, and T3 were 92.5, 93.6, and 91.7%, respectively. Because the 95%CI included 1, no significant increase in the accuracy rate was observed for group T2 (OR = 1.174, 95%CI = 0.515-2.679) relative to T1, whereas an insignificant inverse association was observed between groups T3 and T1 (OR = 0.893, 95%CI = 0.327-2.442, P = 0.724). Right judgments denote both patients with benign disease and cancer whose statuses were correctly detected by internal heat source analysis. OR and P represent odds ratios and P values, respectively as determined using the Pearson chi-square test. 95%CI = 95% confidence interval. 
DISCUSSION
This study aimed to quantify the relationship between the tumor and skin temperatures. A novel and simple method was developed to simulate the tumor within the breast tissue. Specifically, in this study the tumor was expressed as an equivalent-point heat source, and its thermal power was described as a q-value (0 to 0.5 w). This method was verified statistically in a clinical trial of 948 patients with breast disease during the period of 2009 to 2013. According to the qvalue criterion, most of the benign cases fell within the range of 0 to 0.2 (639/688, 92.9%), and most of the cancer cases lie in the range of 0.2 to 0.5 (245/260, 94.2%) . Note that the findings in this study were similar to those of previous studies in which malignant tumors exhibited higher temperatures than did benign tumors. Subsequently, 3 tests involving the categorical q-values of 0.1, 0.2, and 0.3 were performed and the associated error rates (sensitivity, specificity, and accuracy) demonstrated that a q-value of 0.2 yielded the best performance so that all of the evaluated rates exceeded 92%. It could therefore be concluded that a thermal power of 0.2 w was a fully fit optimal threshold for distinguishing between breast cancer and benign disease.
Pathological confirmation of either breast carcinoma or benign disease via the goldstandard assessment of breast biopsy was a strict requirement for study inclusion. In the statistical analysis, the final outcome was accordingly described as either "cancer" or "benign". Overall, 884 of the 948 assessment results exhibited exact agreement between the internal heat source analysis and breast biopsy results. Furthermore, kappa statistics were assessed for coherence verification so that a k ≥ 0.75 would indicate a good agreement with the goldstandard assessment and a k < 0.4 would indicate a poor agreement. The results demonstrated an excellent agreement between the proposed approach and the gold-standard assessment (k > 0.8). Therefore, an internal q-value in the range of 0.3 to 0.5 could be considered as an area at risk of breast cancer. Among all of the "cancer" cases (N = 294) judged using the approach proposed in this study, 245 were true cancer cases (confirmed by biopsy); the determinations of 49 cases failed. Notably, the sensitivity was far greater than the false-positive rate (94.2 vs 7.1%). This result provided further evidence of an association between a higher q-value (q > 0.2 w) and the breast cancer risk.
In consideration of the effects of breast density and tumor size on accuracy of this approach, statistical analyses involving these factors were also discussed in our study. Earlier studies demonstrated that breast density could be described as a function of a woman's age that reduces as the woman's age increases (Kerlikowske et al., 1996; Niklason et al., 1998) . In general, breast density is categorized as 1) entirely fat, 2) scattered fibroglandular densities, 3) heterogeneously dense, or 4) extremely dense (Razzaghi et al., 2012) . Normally, this factor is dichotomized as either fatty (categories 1 and 2) or dense (categories 3 and 4) when conducting large-scale statistical analyses (Kim et al., 2013) . In this study, of the 948 women who underwent analysis, 617 and 331 cases were classified as having fatty and dense breast tissue, respectively. The chi-square test results suggested the lack of a significant difference between these groups (P > 0.5). Furthermore, the results of the OR estimates suggested that the accuracy of breast cancer detection via the method implemented in this study did not correlate significantly with the presence of dense breasts versus fatty breasts (OR ≈ 1).
Cancers diagnosed at advanced stages have sufficiently large volumes to render the diseases less treatable. A tumor size-independent detection method would provide more advantages than would common imaging methods such as mammography. Therefore, the impact of tumor size on our method should be considered. In each size group (T1, <2 cm; T2, 2 to 5 cm; T3, >5 cm), agreement between the biopsy and proposed method was confirmed for >90% of the analytical results. Moreover, because CI included 1, the results of the OR estimates suggest that the proposed method is independent of tumor size.
Finally, a comparative thermal analysis of internal heat source using a common infrared diagnostic technique was discussed. Common infrared diagnostic techniques merely indicate hot spots (i.e., higher temperatures) on the skin that indicate the presence of an abnormality in deeper tissues. These diagnoses are based on only 2D infrared images, and the fuzzy tumor tissue images are acquired. In comparison, the internal heat source parameter (e.g., thermal power q) could be determined via an internal heat source analysis. Cancer or benign disease could be identified from the corresponding q-value. Subsequently, a quantitative analysis of the tumor characteristics could be realized from the internal heat source analysis, which serves as a functional method for breast cancer detection.
In summary, we have quantified the relationship between the cancer diagnosis and infrared images using an internal heat source analysis, which was scarcely obtainable through previous studies. These results reflect the heat generated by the increased metabolism of the embedded tumor and provide a functional imaging technique that will considerably facilitate breast cancer diagnosis. The present study suggests that an internal heat source-based analysis is independent of the breast density and tumor size. This technique could be considered a safe, feasible, and effective diagnostic solution for detecting cancerous tumors with a broad clinical application scope.
